We consider the motion and the deformation of Gaussian polyampholytes in free flow electrophoresis, i.e., in an applied external electric field. The electrophoretic mobility and the deformation of the chains are calculated in the linear regime, as functions of the charge distribution along the backbone and of the salt concentration. The results in salt-free solutions differ from those in solutions with a high concentration of salt even at the level of scaling laws. It is shown that in solutions with a high salt concentration, the electrophoretic mobility of a given polyampholyte strongly depends not only on its total charge but also on the details of the charge distribution along the chain. The very direction of motion can also depend on it. Indeed, even ''neutral'' polyampholytes, i.e., chains with equal number of positive and negative charges can move in an applied electric field. To demonstrate further these effects, we systematically compare the behavior of the linear and circular chains.
I. INTRODUCTION
Charged polymers have attracted much attention due to their unique properties and their technological importance. 1 If the charges on the polymers are all positive or all negative they are called polyelectrolytes. 1, 2 Common polyelectrolytes include polyacrilic and methacrylic acids and their salts, cellulose derivatives, sulfonated polystyrene, DNA and other strong polyacids and polybases. Another class of charged polymers ͑polyampholytes͒ are amphoteric in nature carrying both positive and negative charges. Examples in the biological realm are proteins or protein-DNA complexes. Synthetic polyampholytes are typically macromolecules obtained by random copolymerization reactions, 3 made of different kinds of monomers, some of which can acquire a positive charge in solutions and others a negative charge. The net charge of a given polyampholyte in an aqueous solution is usually determined by the pH of this solution.
In this article we consider the electrophoresis of such chains, i.e., their behavior in an applied electric field. Electrophoresis is a common separation technique, used, e.g., to separate various surfactants or polyelectrolytes. 4, 5 We will focus here on the linear regime of small applied fields so that the chains almost retain their equilibrium conformational statistics.
In salt free solutions, the equilibrium conformation of polyampholytes is controlled by the long range electrostatic interactions between charged monomers. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] A polyampholyte with an equal number of positively N ϩ and negatively N Ϫ charged monomers may collapse into a globule ͑microelectrolyte͒ due to Debye-Huckel's fluctuationinduced attraction between charges. If salt is added to the solution, it ''screens'' the attraction between charges and causes the swelling of the globally neutral polyampholyte chain. On the other hand, polyampholyte chains with charge imbalance ͉N ϩ ϪN Ϫ ͉ larger than (N ϩ ϩN Ϫ ) 1/2 do stretch in salt-free solutions, into a necklacelike configuration, rather than collapse at low temperatures into a spherical globule. 16 This is the consequence of the long-range Coulomb repulsion between excess charges. However, if the electrostatic forces are too weak to induce a significant deformation of the chain, the polyampholyte adopts a Gaussian conformation. 7, 16 In the present paper we will be interested only in the case of polyampholyte chains with almost Gaussian equilibrium statistics. We will also consider the charge distribution along the chain to be quenched.
Let us sketch briefly the mechanisms at work when an electric field is applied. For dilute solutions of polyelectrolytes with no salt, counterions are far away from the chains. In an applied electric field E each charged monomer of charge q is subjected to an electric force qE, which is partly transmitted to the fluid and generates long-range hydrodynamic interactions between the monomers. These hydrodynamic interactions build up collective effects so that the hydrodynamic friction coefficient of polyelectrolytes is proportional to the 3D size of the chains. [17] [18] [19] As a result, electric and hydrodynamic forces need not balance locally, which results in the build up of tension and the deformation of the coils in free flow electrophoresis. In solutions with a high salt concentration, the situation is very different, due to the existence of a sheath of counterions around the chain. It is, for example, well established experimentally [20] [21] [22] that the electrophoretic mobility of uniformly charged polyelectrolytes ͑e.g., DNA͒ is sizeindependent and that such polyelectrolytes move without significant deformation in free-flow electrophoresis. The theoretical explanation of this effect ͑see, e.g., Ref. 23 for a review͒ is that the electric force on the counter-ions, of same amplitude but opposite sign than the one acting on the backbone, leads to a cancelation of the long-range hydrodynamic interactions between the monomers, [23] [24] [25] and imposes a local balance of the electric and hydrodynamic forces. 26, 27 Nevertheless, hydrodynamic interactions can play an important role in the electrophoresis of nonuniformly charged chains in solutions with a high concentration of salt. This can be demonstrated by considering a diblock copolyelectrolyte with one block positively charged and the other block negatively charged. 28 In free flow electrophoresis conditions, each block exerts a tension on the other. This tension is a nonelectric force and thus is transmitted to the fluid without any screening effect by the counter-ions, generating long-range hydrodynamic interactions. Another consequence of the hydrodynamic interactions, is that not all the monomers play the same role. Monomers located, on average, closer to the outer part of the coil, such as end monomers in linear chains, are subject, on average, to higher hydrodynamic friction than the monomers located inside the coil. This difference can contribute to the deformation of the coil and results in a chargedistribution-dependent electrophoretic mobility.
Electrophoresis could thus be used to separate polyampholytes according to their size and to the charge distribution along the polymer backbones. The influence of an external electric field on the conformation and drift of a polyampholyte chain in a salt-free solution was considered in a recent series of works. [29] [30] [31] The electric field pulls the oppositely charged monomers in opposite directions, stretching the chain. Unfortunately, these considerations [29] [30] [31] were limited to a Rouse model description of the polyampholytes and did not include hydrodynamic interactions. The latter were taken into account in Ref. 32 but only to calculate the deformation in the nonlinear regime of very high electric fields using a description in terms of Pincus blobs. In an earlier paper, Anderson and Solomentsev had discussed some aspects of the problem we address but neglected hydrodynamic interactions in the case of coily polymers and focused on slender objects with very specific frozen configurations: either rod like or toroidal. 33 In the present paper we calculate the electrophoretic mobility of polyampholyte chains within the framework of the Zimm model, thus taking into account both the hydrodynamic interactions and the elasticity of the chain. We describe both salt-free and high-salt solutions. In Sec. II we give a general description of the dynamics of a charged chain in an external electric field. To account for the importance of end-effects we compare the behavior of the circular and linear chains. In Sec. III, we derive the electrophoretic mobility and the deformation of polyampholytes in salt-free solutions and apply these general results to various types of charge distributions along the chain ͑uniform, periodic and random͒. Following the same scheme, Sec. IV deals with polyampholytes in solutions with a high concentration of salt. Section V summarizes our results and discusses the possible applications of our approach.
II. MODELS FOR POLYAMPHOLYTES IN AN EXTERNAL ELECTRIC FIELD

A. Adapting the Zimm model
We want in this section to describe the dynamics of a polyampholyte chain under an external electric field, in the spirit of the presentation of the Zimm model 17 given by Doi and Edwards in Ref. 18 . The polyampholyte chain is thus modeled as N beads connected by springs of average length b. The position and conformation of the chain is given by the set of position vectors of its beads R(n). The distribution of the charges along the polymer chain is described by a set of variables z(n): ez(n) is the charge of the nth monomer, which can be positive, zero, or negative. We now want to account properly for the hydrodynamic interactions.
The main difference with the usual description of, e.g., the sedimentation of a neutral polymer is that here the electric field acts not only on the monomers, but also on the charged ions joins in the solution. The corresponding forces also generate hydrodynamic interactions. To address the problem, we propose here to consider first a single given bead ͑say the mth͒, independently from the rest of the chain, together with the corresponding ''cloud'' of ions ͑counter-and coions͒ in an electric field E. We want to characterize the own velocity of the bead, and the resulting velocity field v m (r) around it, so as to calculate how it contributes to the motion of the other monomers. In the linear regime the bead moves at a velocity b (m)E, which defines its ''bare'' electrophoretic mobility b , and there is around it a flow field which has the form
where H el 0 is a tensor which has been analyzed at length in the electrophoresis literature. [34] [35] [36] [37] Its structure is rather simple in two limits. If the Debye length r D is very large, the counterions are far away, so H el 0 is equal to the Oseen tensor up to distances of order r D ͓and b (m) is simply ez(m)/, where is the bead's friction coefficient͔. In the opposite limit where the Debye length is small compared to the distances ͉rϪR(m)͉ of interest, H el 0 decays faster: It is the sum of a term decaying exponentially over the Debye length and of a ''potential'' term slower than the Oseen tensor, i.e., scaling as 1/r 3 instead of the usual 1/r. This last point is a consequence of the fact that the bead and its double layer together constitute as neutral ensemble: Thus the applied electric field exerts no net force on it and thus no net momentum is transmitted to the fluid. Consider now the own velocity of the bead. The model we propose here is a generalization to polyampholytes of that of Barrat and Joanny for polyelectrolytes in salty solutions. 23 It allowed them to give an expression of the mobility as a function of the charge density along the backbone, the persistence length of the chain and the salt concentration, which we could use in principle to calculate b (m). But it was for infinitely thin chains, which is a specific case. Thus we keep here the bare electrophoretic mobility b (m) of the individual monomers as an input, which incorporates all the effects of the smaller scales details. The former can indeed be a complicated function of the latter as has been shown in the context of the electrophoresis of colloidal particles. 34, 36, 37 Our results therefore do not rely on a specific microscopic model. Let us rederive here with more details the dynamic equation for polyampholytes in an electric field obtained in Ref. 38 .
There are also nonelectrical forces acting on the nth monomer, when the bead is a part of a polymer chain. Indeed there is generically a tension k(R(n)ϪR(nϪ1)) along the chain with a spring constant kϭ(3k B T)/(b 2 ), where T is the absolute temperature and k B the Boltzmann constant. 18 The corresponding force exerted on the nth bead by its two neighbors is thus T(n)ϭk(R(nϩ1)ϩR(nϪ1)Ϫ2R(n)). One may also want to take into account the random force g(n) representing the effect of thermal agitation on this nth monomer. These forces of nonelectrical nature acting on the nth monomer will produce an additional flow field, classically described by the Oseen tensor H 0 (r) with the above mentioned 1/r decay
͑2͒
So, summing up the electrical and nonelectrical contributions to the hydrodynamic interactions, we arrive at the equation of motion of the nth bead in the external electric field E
where is the friction coefficient of the bead, and u(R(n)) is the flow field created at the location of the nth monomer by all the other monomers. Note that we have omitted the description of retardation effects which do not modify the picture and are usually negligible. 23 The flow u(R(n)) is from the above analysis
We then take the usual convention that H 0 (n,n)ϭI/ and H 0 (n,m)ϭH 0 (R(n)ϪR(m)), and adapt it for the electric part H el 0 (n,n)ϭ( b (n)/ez(n))I and H el 0 (n,m) ϭH el 0 (R(n)ϪR(m)), to rewrite ͑3͒ in a more explicit form
͑5͒
As we want to describe the linear response of the chains, we will use the Kirkwood-Riseman approximation, 18, 39 which consists in replacing both tensors H el 0 (n,m) and H 0 (n,m) by their average equilibrium values H el av (n,m) and H av (n,m). These averages are actually scalar tensors which will allow us to simplify notations: H el av (n,m)ϭH el av (n,m)I and H av (n,m)ϭH av (n,m)I, respectively. After this preaveraging the equations of motion ͑5͒ become ‫ץ‬R͑n ͒ ‫ץ‬t
͑6͒
Note that for pointlike beads the tensor H el av (n,m) has a rather simple form ͑see, e.g., Ref. 23͒
where n is the unit vector pointing from R(n) to R(m) and r D is again the Debye length. In this form the above mentioned notion of electrohydrodynamic screening becomes clear: The counterions ''screen'' the flow created by the electric force on the monomer, but only at distances larger than the Debye radius. At smaller distances, the exponential is roughly 1, and we recover the Oseen tensor (H el av ϷH av ). The 1/r 3 term has disappeared due to the averaging with a spherical symmetry. A rather simple analysis of the complex dynamics of the chain can thus be presented in two opposite limits: ͑1͒ the Debye length is much larger than the typical size of the chain R 0 ϷNb 2 ͑low-salt solution͒ and ͑2͒ the Debye length is much smaller than the size of the chain.
In solutions with low concentration of salt the hydrodynamic interaction is unscreened on length scales of the order of the chain size (rрR 0 Ӷr D ), so we can substitute H av for H el av in Eq. ͑6͒ which becomes ‫ץ‬R͑n ͒ ‫ץ‬t
with, for a linear chain,
whereas for a circular chain
This is the classical Zimm model.
17,18
If we consider now a polyampholyte in a solution with a high content of salt, the hydrodynamic interaction described by H av is screened at distances larger than the Debye screening length, r D , and can thus be effectively reduced to a local contribution. 38 Therefore, Eq. ͑6͒ takes the form ‫ץ‬R͑n ͒ ‫ץ‬t
͑12͒
One can see that (n) depends only on the monomers in the vicinity of the nth monomer, for which ͉nϪm͉ 1/2 bϽr D . For example, if the chain is uniform at length scales larger than dϭmax(b, r D ), then (n) does not depend on n. In solutions with high concentration of salt, the screening of the hydrodynamic interactions between monomers only redefines the effective mobility of each monomer. According to Eq. ͑11͒, the latter is the relevant physical parameter for describing the electrophoresis of polyampholytes, as it is also in the case of polyelectrolytes. 41 Note that, strictly speaking, Eq. ͑12͒ is valid for linear chains, and should be formally slightly adapted for circular chains if n is very close to 0 or N, with no change in the resulting physics ͑the choice of the monomer number is then arbitrary͒.
B. Normal modes for circular and linear chains
Circular chains. A convenient tool to describe the motion of polymers in the linear regime are normal modes. For a circular chain the most convenient base is
where p is an integer varying from Ϫϱ to ϩϱ. For p 0 the quantities X (p) describe the deformation of the chain. The Fourier transforms of the functions z, g and are defined by equations similar to Eq. ͑13͒ and are denoted by ẑ , ĝ and , respectively. The inverse Fourier transformation is
͑14͒
For a circular chain, we define the matrix Ĥ in Fourier space by an expression analogous to ͑13͒
The matrix Ĥ is a diagonal in Fourier space, i.e., Ĥ (p,q)ϭĤ (p)␦ p,q , as a consequence of the invariance of the matrix H av (n,m) under the translations: (n,m)→(n ϩk,mϩk) modulo N. Let us define the operator G, inverse of the matrix H
The Fourier transform Ĝ of the matrix G(n,m) can be defined the same way as Ĥ for the matrix H av (n,m) Eq. ͑15͒, and is also diagonal
Using Eq. ͑10͒ and definition ͑15͒, it is easy to calculate the diagonal elements of the tensor Ĥ
In particular, N 2 Ĝ (0)ϭ (6) 1/2 bN 1/2 is the hydrodynamic friction coefficient of a circular chain in the Zimm model.
Using the normal modes we can rewrite Eq. ͑8͒ for saltfree solutions
and Eq. ͑11͒ for high salt solutions
In Eqs. ͑19͒ and ͑20͒ we have introduced
Linear chains. In this case the Fourier modes are
͑21͒
where p is an integer varying from Ϫϱ to ϩϱ. As before, the Fourier transforms of the functions z, g and are denoted by ẑ , ĝ and , respectively. The radius vector of the nth monomer, R(n), is related to the amplitude of the normal modes X ( p) by
͑22͒
For a linear chain, the invariance under translations is lost and the matrix Ĥ (p,q) has off-diagonal elements
These off-diagonal elements will be shown below to give rise to end-effects. The inverse tensor G(n,m) can still be defined by Eq. ͑16͒ and its Fourier transform by an equation similar to Eq. ͑23͒. The Zimm hydrodynamic friction coefficient of the chain is again N 2 Ĝ (0,0) which still scales as N 2 Ĝ (0,0)ϰbN 1/2 . 18 Due to the off-diagonal terms of the matrix Ĥ ( p,q), it is difficult to get the exact value of Ĝ (p,q). Note that the relation between them takes the form
where ␦ p,p Ј is the usual Kroneker symbol. For a linear chain
Eqs. ͑8͒ and ͑11͒ read in terms of normal mode amplitudes
. Below, we refer implicitly to definitions and relations ͑13͒-͑20͒ for circular chains and to ͑21͒-͑26͒ for linear chains.
III. ELECTROPHORESIS OF A POLYAMPHOLYTE IN A SALT-FREE SOLUTION
A. General results
Let us establish general results for the electrophoretic motion of a polyampholyte in a salt-free solution for an arbitrary distribution z(n).
First we consider the case of a circular chain moving with a steady-state average velocity V. It is easy to see that V is the average of ‫ץ‬ t X (0), whereas for p 0, the average of ‫ץ‬ t X (p) is zero as all monomers move, on average, with the same velocity V. Thus after time averaging, Eq. ͑19͒ reads
The electrophoretic mobility of the polyampholyte, defined by VϭE, is obtained from ͑27͒ by taking pϭ0
͑28͒
It is thus the total charge eNẑ(0)ϭQ divided by the Zimm hydrodynamic friction coefficient N 2 Ĝ (0). The amplitudes of the deformation modes are
The last equation allows us to calculate the deformation of the chain as a function of the charge distribution. For a linear chain, Eq. ͑25͒ reads
The electrophoretic mobility of the chain is still the ratio of the total charge eNẑ(0)ϭQ to the Zimm hydrodynamic friction coefficient
The amplitude of the deformation in this case is characterized by
͑32͒
The mobility, , in the linear regime considered here, depends only on the total charge of the chain. However, the deformation of the chain depends on the details of the charge distribution. Note that the off-diagonal elements Ĝ ( p,0) couple the first mode of the charge distribution to all the other modes of deformation. The behavior of this term is crucial for the deformation of the chains in free flow electrophoresis. One can show numerically ͑see Appendix A and 
B. Specific charge distributions
For both circular and linear chains, we consider chains with uniform, periodic and random charge distributions. The uniform and periodic distributions are defined by z(n)ϭz 0 and z(n)ϭz 0 cos(p 0 n/N), respectively. The random distribution of charges z(n) is characterized by the mean value z 0 of the charge of a given monomer, its variance 2 , and a correlation length g along the backbone which is ͑expressed in monomers units͒ given by
͑34͒
In all cases the electrophoretic mobility is simply the ratio of the total charge to the friction coefficient. For randomly charged chains it is thus a random variable with mean value ͗Q͘/(6R 0 ), where ͗Q͘ϭNez 0 is the mean value of the total charge of the chains. Using Eqs. ͑29͒ and ͑32͒, one can characterize in the linear regime the amplitude of the deformation by estimating ␦RϭR(0)ϪR(N/2) which is the mean value of the algebraic distance between the first and the (N/2)th monomer. The results are presented in Table I ͑for more details, see Appendix B͒.
Uniformly charged chain. ͑polyelectrolyte͒ The deformation of a uniform circular chain in free flow electrophoresis is zero. This result is a direct consequence of the Kirkwood-Riseman approximation: Every monomer plays exactly the same role, and the conformation of the chain TABLE I. Deformation of the chains ␦RϭR(0)ϪR(N/2) within prefactors of order unity. For the random charge distribution, the quantity in the table is the averaged value ͗␦R͘ϭ͗(R(0)ϪR(N/2))͘.
Uniform
Periodic Random
cannot change. In the case of a linear chain, the amplitude of the deformation modes is non-zero, due to the off diagonal elements of the inverse tensor Ĝ (p,q): In free flow electrophoresis the hydrodynamic and electric forces do not balance locally but on the scale of the coil size. This results in the deformation of the chain. Note that ␦R points in the direction opposite to QE, which means that the ends of the chain, on average, lay behind the middle of the chain as they are subject to higher hydrodynamic friction than the rest of the chain. Moreover this deformation has the maximal expected value of the order of the deformation of an attached Gaussian chain of elastic constant k ch ϭ(3k B T)/(Nb 2 ) pulled by the total electric force QE.
Chain with a periodic distribution of charged monomers. The amplitude of the deformation of this chain is proportional to the electric force (N/ p 0 )ez 0 E acting on a strand of N/p 0 consecutive monomers divided by the elastic constant 
IV. ELECTROPHORESIS OF A POLYAMPHOLYTE AT HIGH SALT CONCENTRATIONS
A. General results
The steady-state velocity V of a circular chain in a solution with a high concentration of salt can be obtained by time averaging Eq. ͑20͒ which leads to
from which we deduce the electrophoretic mobility of the chain
Thus within a linear response theory, the mobility of a circular polyampholyte at high salt concentration does not depend on the details of its charge distribution: It is the average value of the local electrophoretic mobility of its individual monomers. Note that this is no more true in the limit of high electric fields, when the chain is strongly deformed. 28, 38 The amplitude of the deformation of a circular chain can be obtained in the linear response analysis from Eq. ͑35͒
͑37͒
The motion of a linear chain at high salt concentration is described by Eq. ͑26͒, which after averaging reduces at steady state to
The electrophoretic mobility of this linear chain is then
which we can rewrite
with the definition
(n)(n) is the contribution of the nth monomer to the electrophoretic mobility of the chain. As in Sec. III, we see that the behavior of Ĝ (0,p) or that of , which is the inverse Fourier transform of Ĝ (0,p)/Ĝ (0,0), are crucial to describe electrophoresis in solutions with a high concentration of salt. The function has a strong n-dependence, in particular, (n)Ϸ1/N(n/N) Ϫ␤ with ␤Ӎ0.25 for nӶN ͑see Appendix A and Fig. 3͒ . This quantifies end-effects, which make Eq. ͑39͒ different from Eq. ͑36͒ for circular chains. However, this difference between Eqs. ͑39͒ and ͑36͒ becomes smaller when the chain is heterogeneous only at small length scales as Ĝ (0,p)ϷĜ (0,0) p Ϫ␣ ͑with ␣Ӎ0.75͒. Let us now calculate the deformation of the chain. The amplitudes of the deformation modes are
which is also different from Eq. ͑37͒. Now we can apply the results of this section to different charge distributions.
B. Specific charge distributions
As in the case of salt-free solutions, we will consider uniform, periodic and random charge distributions, resulting in a local electrophoretic mobility (n). The uniform and periodic distributions are defined by (n)ϭ 0 and (n) ϭ 0 cos(p 0 n/N), respectively. The local electrophoretic mobility (n) of the randomly charged chains is a sequence of random variables of average value 0 and standard devia-tion , with a correlation length g along the backbone. More precisely, the random variables (n) satisfy equations analogous to ͑33͒ and ͑34͒. From Eqs. ͑36͒, ͑37͒, ͑39͒ and ͑42͒, we can calculate the average electrophoretic mobility and the mean value of the amplitude of deformation between the first and the N/2th monomer. These results are presented in Tables II and III , respectively ͑more details can be found in Appendix C͒. Note that for periodic linear chains, the tabulated result is the asymptotic behavior for large even p 0 ͑for odd values ϭ0͒; it also produces the correct sign and order of magnitude for values of p 0 of order 1.
Uniformly charged chain (polyelectrolyte). We recover the result that the electrophoretic mobility is size independent 24 and is the local electrophoretic mobility defined by Eq. ͑12͒. As mentioned in Sec. II, this is the mobility of independent blobs of size d: It incorporates all the details of the structure of the chain at scales smaller than dϭ max(b,r D ). Moreover, according to Eqs. ͑37͒ and ͑42͒ the amplitude of the deformation modes X (p) is equal to zero for all p. This means that a uniformly charged chain moves without average deformation, i.e., with a vanishing average tension. In other words, the electric and hydrodynamic forces balance locally for this case of the free flow electrophoresis of a uniformly charged chain in a solution at high salt concentration. This behavior is clearly different from that in salt free solutions and is due to the hydrodynamic friction of the counterions.
Periodically charged chain. For linear chains the mobility is nonzero whereas it vanishes for circular chains. This clearly shows that otherwise identical chains can have different electrophoretic mobilities, depending on whether they are circular or linear ͑Fig. 1͒. For the present case of a linear periodic chain and for even values of p 0 , the mobility has the sign of the electrophoretic mobility of the end monomers. Thus we have an example of an object globally neutral which has a non-zero electrophoretic mobility due to geometrical effects. 33, 40 This electrophoretic mobility is entirely due to end-effects. Monomers located close to the ends of the chain are ''hydrodynamically'' more efficient than monomers in the middle of the chain as they are on average closer to the ''surface'' of the coil. Note that decreases with increasing p 0 : End-effects become less important for periodic chains which are heterogeneous only on small length scales.
Consider now the deformation of periodically charged chains. Both linear and circular chains are deformed. The deformation of circular chains can be written as
This relation shows that the deformation takes place at the scale of the mobility variation period N/p 0 , as it can be understood in terms of a force balance between the typical hydrodynamic force exerted on a strand of N/p 0 consecutive monomers 6b(N/p 0 ) 1/2 0 E and the elastic restoring force of this section of elastic constant ( p 0 k B T)/(Nb 2 ).
27,41
For linear chains, ␦R is proportional to (6R 0 )/(k ch )E where 6R 0 is roughly the hydrodynamic friction coefficient of the coil, k ch its elastic constant and E the velocity of the chain. This deformation is thus similar to that of an attached homogeneous chain with the same electrophoretic mobility pulled by an electric field E. 27, 41 Note that ␦R ϭR(0)ϪR(N/2) points in the direction of electrophoretic motion-the chain is pulled by its extremities. As the chain here moves as a whole, hydrodynamic effects at the coil scale are recovered, i.e., the deformation depends on N/p 0 and N, whereas it depends only on the former for circular chains which have no net electrophoretic mobility. The deformation is actually larger by a factor p 0 3/2Ϫ␣ for linear chain.
Randomly charged chain. The electrophoretic mobility of the polyampholyte chain is here a random variable with mean value 0 and with variance ͗␦ 2 ͘ϭ 2 (2g/N) for both circular and linear chains. The deformation of the chain, as in Sec. III, is better characterized by the mean square end-to-middle distance 
This quantity of course adds up to the thermal noise contribution. In contrast to the case of the salt-free solutions, the deformation of the chain is determined by the charge inhomogeneities, as a uniform charge distribution does not contribute to any deformation in electrophoresis in high salt concentration solutions. One can indeed verify that the deformations of a linear and circular chains are similar in this context.
V. DISCUSSION
We have derived general relations that allowed us to calculate in the linear response regime the electrophoretic mobility and the deformation of chains in both salt-free and high salt concentration solutions, as a function of the charge distribution ͑see Tables I-III͒ . It was demonstrated that hydrodynamic interactions generally play a major role in both type of solutions, and end-effects were emphasized by a systematic comparison between linear and circular chains. The importance of the two points is most clearly illustrated by the two following results: ͑i͒ In salt-free conditions a linear uniformly charged chain deforms, contrarily to what a model without hydrodynamic interactions or end-effects would predict, ͑ii͒ In the high salt concentration regime, a given sequence of monomers will have a different mobility ͑even the sign can change͒ depending on whether it is closed in a circular chain or not. Both effects result from the fact that monomers in the middle of the chain are on average hydrodynamically less exposed to the outside of the coil.
We have assumed ͑i͒ that the chain equilibrium conformations are almost Gaussian, which means that the intrachain electrostatic interactions are negligible ͑either because the chains are weakly charged in salt-free solutions, or because the counter-ions screen these interactions in high salt concentration solutions͒ and ͑ii͒ that chains are only slightly deformed by the external electric field, i.e., we analyzed the linear response regime. Let us now find the range of the parameters ͑strength of the electric field and fraction of the charged monomers on the polymer chain͒ for which our approximations are valid. Salt-free solutions. As mentioned in the introduction, the equilibrium conformational statistics of a polyampholyte is determined by the balance between its entropy and the electrostatic interaction between its charged monomers. The condition for which the latter is negligible compared to the former have been analyzed in the literature ͑see, e.g., Ref. .
͑43͒
Note that for long chains this is very restrictive: for a Kuhn length of order bϭ5A, and a degree of polymerization N ϭ10 4 , this leads to ⌬ f c Ӎ10 Ϫ3 . We have seen in Sec. III that we expect the deformation to be dominated by the effect of the total charge QϭN⌬ f .
The deformation ␦R of an asymmetric polyampholyte chain with a charge asymmetry ⌬ f Ϸ⌬ f c in an external electric field is proportional to
For this deformation to be smaller than the Gaussian size of the chain R 0 ϭN
b, the electric field has to be smaller than
For a chain with bond length bϭ5A, degree of polymerization Nϭ10 4 , and a charge unbalance ⌬ f Ϸ10 Ϫ3 the critical field E c is of the order of 10 3 V/cm which is a quite high value. So our formalism seems to apply quite safely in saltfree conditions for ͑very͒ weakly charged chains.
Solutions with a high concentration of salt. From Sec. IV, the largest deformation is obtained for an alternating polyampholyte made of monomers with local electrophoretic mobility (n)ϭ 0 cos(p 0 n/N) with p 0 small. The amplitude of the deformation is given in Table III . For this deformation to be smaller than the equilibrium coil radius R 0 , one must have ͑for p 0 of order 1͒
Note that 0 is typically at most of the same order than the mobility of small ions, i.e., 0 Ӎ10 Ϫ7 Ϫ10 Ϫ8 ms
Ϫ1
/͑V/m͒. 42 Taking again bϭ5A and Nϭ10 4 , this leads to a critical field of order E c Ӎ10 2 Ϫ10 3 V/cm. This value is quite high although within the range of field amplitudes used in capillary electrophoresis. Note, however, that the threshold E c decreases as chain rigidity increases, and that there are many examples of quite rigid chains in solutions of high ionic strength. A well studied case is DNA, for which b is of order 100 nm. Thus a DNA fragment of about a 100 kilobase-pairs ͑NӍ300 Kuhn lengths͒ attached to a neutral object 28 would start to deform appreciably for fields as low as E c Ӎ10 Ϫ1 Ϫ1 V/cm. So the range of validity of the linear response theory crucially depends on the chain flexibility.
Our approach could be extended to chains with nonGaussian equilibrium conformations. An obvious possibility is chains with excluded volume interactions. An other direction would be to consider chains strongly deformed by electrostatic interactions, such as extended chains in salt-free solutions, with an end-to-end distance proportional to the degree of polymerization of the chain. For all these situations, the basic formalism is the same, and only the actual calculation of the tensors H 
͑A4͒
with the last integral converging to 2 Ϫ1/2 as p→ϱ. Let us now consider (n) which describes the weight of monomer n to the electrophoretic mobility in very salty solutions. From its definition ͑41͒ ͑and the structure of G(n,m)͒, must be self-similar in the sense that Eventually, we turn to Ĝ ( p,q). In scaling form, we can write from ͑23͒ and ͑24͒ that Ĝ (p,q)ϭbN Ϫ3/2 f (p,q), but it is difficult to go further. However, by Fourier transforming the ͑numerically͒ calculated (n) we obtain Ĝ (0,p). 
